Abstract-In this paper, a new hysteresis modeling method based on an improved sub-pixel blocking matching algorithm with an optimal block size and the Preisach model is proposed to model the hysteresis behavior of a nano piezoelectric actuator (PA) on nano scale in a real time system. First, the Preisach model about the hysteresis behavior of a piezoelectric actuator is introduced. Then, a real time block matching algorithm is proposed and its block size is optimized with a standard object. Finally, experiments are conducted with respect to a nano-meter movement platform system, and the results show the feasibility and validity of the sub-pixel estimation based block matching algorithm and its application in modeling the hysteresis behavior of PA.
I. INTRODUCTION
ead zirconate titanate (PZT) is a ceramic perovskite material that shows a marked piezoelectric effect, a linear electromechanical interaction between mechanical and electrical state in crystalline materials. Due to this effect, PZT crystal with an applied voltage is often used as a displacement actuator [1] - [5] . However, due to inherited nonlinearities of PZT, i.e., hysteresis, it is necessary to model the hysteresis characteristic of a PZT actuator before it is used in real applications. In order to model the hysteresis of a PZT actuator, the first task is to measure its movement with high precision. In most applications, linear potentiometers and capacitance displacement sensors are used to measure movement of PZT actuators [6] . Although the precision and resolution of these equipments are both high, they are greatly influenced by environment temperature and operation time. In some applications, laser heterodyne interferometers are also used to measure movement. However, they are expensive and have a large computational burden. Sometimes, Atomic Force Microscopy (AFM) system is used to measure a nano scale movement. However, the measurement result is voltage, rather than displacement, and it is time consuming [7] . In recent years, optical motion measurement methods based on images are becoming more popular due to their rapid development [8] . Among them, image block matching algorithm (BMA) is a typical technique [9] - [10] since it is not sensitive to random errors. However, the difficulty in selecting proper block size is a well-known disadvantage of BMA algorithm, because there is a trade-off between having a block that is as large as possible to average out noise, but as small as possible to guarantee that there is no deformation within it. Therefore, in order to measure a nano scale movement, it is necessary to optimize the existing image block matching algorithms.
In this paper, we analyzed the basic performance of this algorithm and attained the optimal block size with a standard object image after a series of simulations. Then we proved its precision and used it to model a nano PZT actuator. The remainder of this paper is organized as follows. Firstly, in section II the basic Preisach model principal is introduced in detail; Secondly, an idea of the sub-pixel block matching estimation is given, and a block size optimum is proposed to obtain a high precision PZT movement measurement method; subsequently, in section IV, experimental results and detailed analysis are conducted. Finally, the conclusion is given in section V.
II. PREISACH MODEL
Normally, the hysteresis behavior of PZT is shown as Fig.1 . In the Preisach model, the hysteresis characteristic is modeled by the weighted sum of relays termed as Preisach elemental operators, as shown in Fig.2 
μ α β is the density function value of the Preisach function corresponding to α and β which should be determined with some experimental data. Suppose the input of a hysteresis system is as Fig. 3(a) , Fig. 3 Step-1): During [0, t 1 ], the system input increases from initial 0 to α 1 (the first local maximum); thus the integration domain at time t is a closed region surrounded by the following three straight lines: α axis, α = β and α=u(t 1 ).
Step-2): During [t 1 ,t 2 ], the system input decreases from α 1 to β 1 (the first local minimum), and the integration domain decreases while the right border moves from right to left, and finally obtains a trapezoidal region surrounded by four lines at time t 2 : α axis, α = β, α = α 1 and β = β 1 .
Step-3): During [t 2 , t 3 ], the system input increases again from β 1 to α 2 (the second local maximum). At the same time , the integration domain of the Preisach model is composed of two parts: one is the trapezoidal region obtained at time instant t 2 , and the other is a triangle region on its right side, surrounded by three straight lines: β = β 1 , α = α 2 and α = β.
Step-4): During [t 3 , t 4 ], the system input decreases from α 2 to β 1 (the second local minimum), and the integration domain of the Preisach model decreases too. The process is similar to step 2), and the final result at time t 4 is composed of two parts: one is the trapezoidal region obtained at step 2), the other is the trapezoidal region surrounded by four lines: α = β, β = β 2 , α = α 2 and β = β 1 .
The preceding four steps explain the local memory property of PZT, i.e., the output of PZT relates not only the current input, but also the preceding local minimal and maximal inputs.
In many references, the Preisach model is identified through estimating the density function μ(α, β). However, these strategies are time consuming, because they either deal with the double integral problem or solve partial differential equations, especially when the hysteresis model needs to be updated in a real time control system. While in reference [11] , the authors introduced an interesting substitute to avoid these drawbacks, since they identify the following integral instead of the density function itself:
where Ω is a domain of integration surrounded by three straight lines:
For the identified function F(x, y), one can easily describe the output of the Preisach model in the preceding four steps as following equations, 1 1
Thus, with some mathematical tools to approach F(x, y), it is easy to describe the relationship between the input and output of the hysteresis characteristic using algebraic equations. In this paper, the neural network method is utilized to model the characteristics of PZT.
III. MEASUREMENT PRINCIPLE

A. Block Matching Methods
The foundational principle of the block matching algorithm (BMA) is to find a matching block from an image X in some other image Y through measuring difference, such as distance or similarity, between two images.
The theory is shown in Fig. 4 BMA based techniques usually can be divided into two classes according to the measurement criterion: minimal difference and maximal similarity. Here, the object function for NCC is listed as follows, R n n R u v = (11) However, the position of the peak can only be solved with pixel-level accuracy, which is not enough when high precision is needed in nano positioning and nano manipulation. The basic idea for the sub-pixel movement estimation is to use an interpolation strategy, and a quadratic curve fitting around the peak s n is usually used to estimate the sub-pixel shift s Δ as follows, ( 1, 0) (
B. Optimal Block Size
In BMA, the parameters of a block can influence the speed and the measurement bias. For a target object which has "orthogonal" edges, i.e., edges that have derivatives along the vertical and horizontal directions of the pixel grid, choosing the block to only contain these orthogonal edges will minimize the summation containing cross derivatives, as well as the coupling bias [21] . However, selecting proper block size is difficult in real applications. Therefore, in this section, we researched different estimation errors with different block sizes on a synthetic standard object and attained an optimal block size respect to both the integral and sub-pixel motion.
First, we made a synthetic object image as shown in Fig.  5(a) , and chose a block, which is shown in Fig.5(b) , with orthogonal edges. Then we made a sub-pixel motion in the original image step by step along x and y axis, respectively, and each step is 0.2 pixel. Through changing the block size, we could get different motion results with NCC and sub-pixel estimation method in Section II. Since the true motion of each step is known, it is convenient to analyze the estimation error between the true motion and the estimated motion with different block sizes. The results are shown in Fig. 6 and Fig.7 , where Fig.6 is the error analysis result along x axis and Fig.7 is the result along y axis.
From Fig.6-7 , the following conclusion can be attained: (a) The estimation error of NCC is sensitive to the block size and it has the similar trends along x and y axis.
(b) When the block size is 20*20 pixels and 80*80 pixels, the relative estimation error is more than 1/2; While when the block size is between 30*30 pixels and 70*70 pixels, the relative error is less than 1/3.
(c) Considering both the estimation error of each step along x and y axis, the optimal block size respect to a standard object can be concluded: 30*30 pixels.
Therefore, in the next experiment, we used the NCC object function and the optimal block size to measure the movement of our actuator on nano scale. 
IV. EXPERIMENT RESULTS
In order to verify the feasibility of the optimal block size in last section and model hysteresis behavior of our PZT actuator, experiments are conducted with respect to a nano-meter movement platform as shown in Fig.8 . The standard grid micrograph used as the target object is as shown in Fig.5 . The main body of the experimental setup is composed of a piezoelectric actuator, a microscope, a 2D nano-meter movement platform, a CCD and a computer. In the experiment, the controller of the piezoelectric actuator regulates the input voltage and drives the platform to move; The microscope captures the sequence images of the standard grid micrograph during the movement of the platform and outputs them into the computer; The computer gets the images and calculates the movement using the corresponding processing algorithm. The microscope is KH7700 designed by HiRox, and the magnification of it is 60х; the nano-meter movement platform is designed by Physik Instrumente (PI) company.
A. Experiment-I
First, in order to validate the precision of our algorithm, we used the PI nano platform to control the motion of the standard grid and calculated it with our parameters. Because the platform can output the nano motion, the shift of the grid is known. The KH-7700 microscope was used to capture the images of the grid, in which the size of every pixel is 57.47nm*57.47nm, and the each step shift of the PI nano platform is 50nm. Since the horizontal pixel is 57.47nm, the true shift value of each step should be 0.89 pixel. Fig.9 and Fig.10 are the practical shift calculation results with our optimal block size. Fig.9 is the practical shift of the integral shift and Fig.10 is the practical shift of sub-pixel, where the vertical axis denotes the 2D motion, with unit of pixel, and the horizontal axis denotes the shift steps; the curve with starts is the true movement, the curve with "o" is the calculation movement when the block size is 60*60 pixels, and the curve with "∆" is the calculation movement when the block size is the optimal value: 30*30 pixels. The start position of these two blocks is the same, and both of them have "orthogonal" edges like Fig. 5(b) .
From Fig.9 -10, we can see that when the block size is the optimal value 30*30 pixels, the integral pixel measurement is exactly equal to the true value; The maximal sub-pixel error is 0.18-0.13=0.05 pixel, and the relative error is 5.6%. While when the block size is 60*60 pixels, the maximal error of the integral pixel measurement is 0.01 pixel; The maximal sub-pixel error is 0.25-0.13=0.12pixel, and the relative error is 13%. Therefore, compared to the result with a block size of 60*60 pixels, the measurement method with the optimal block size can reduce the relative error by 6.4%, and the maximal estimation error is 0.05*57.47= 2.9nm. 
B. Experiment-II
In this experiment, we identified the Preisach model of the PZT actuator using the proposed BMA with optimal block size based on Experiment I. First, a sequence of known voltages was applied to the actuator and its movement at each step was calculated with the proposed motion measurement algorithm. The result is shown in Fig. 11 . Then, according to the relationship between voltages and displacements, we constructed the Preisach model for the actuator. Finally, the modeling error was calculated. The neural network used to approach the double integral F(x,y) as Eq. (3) is shown in Fig.12 . It is a typical feed-forward network with three hidden layers. Layer 1 and layer 2 have 10 and 5 neurons respectively and both have tansig active function. Layer 3 has only 1 neuron with pure linear active function. By training the neural network, we could obtain the approached F(x,y).Then the comparison between the real outputs of the system and the output of the Preisach model using neural network is shown in Fig. 13 , and the error between them is shown in Fig. 14. In this paper, we presented a new PZT hysteresis behavior modeling method on nano scale based on a sub-pixel optical motion measurement algorithm with an optimal block size. The proposed optical motion measurement algorithm can also be used to obtain the real motion variables of a platform online since only a 30╳30 pixels block is required, and then with the measurement result, the modeling error of the hysteresis behavior can be compensated and a more precise motion control can be attained.
